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H I G H  E F F I C I E N C Y  K L Y S T R O N  F O R  T H E  SPS A P P L I C A T I O N  
B y  A. D. L a R u e ,  V a r i a n  A s s o c i a t e s ,  I n c .  
Proposed s a t e l l i t e  power s t a t i o n s ,  where s o l a r  energy is t o  be 
converted t o  microwave energy and beamed t o  e a r t h  t o  be converted t o  a c  
power, w i l l  r equ i r e  l a r g e  numbers of high e f f i c i ency  microwave devices .  A 
t o t a l  microwave tube opera t ing  e f f i c i ency  of  85% has o f t en  been mentioned a s  
t h e  minimum acceptable .  It has been estimated t h a t  one percentage point  i n  
tube e f f i c i ency  is roughly equiva len t  t o  two hundred mi l l i on  d o l l a r s  i n  
i n s t a l l a t i o n  c o s t s  f o r  a  s i n g l e  s a t e l l i t e  power s t a t i o n .  
During t he  pas t  severa l  years  i n t e r e s t  has  centered on t he  k lys t ron  a s  
a  poss ib le  source of microwave energy i n  t he  s a t e l l i t e  power s t a t i o n  because 
of high power output  (50 t o  70 kW), high ga in  (40 t o  50 dB), low no i se  (-181 
dB/Hz or  g r e a t e r )  referenced t o  t he  c a r r i e r ,  ease  of phase con t ro l ,  and 
p o t e n t i a l  f o r  very long l i f e .  While t h e  s tate-of- the-ar t  opera t ing  
e f f i c i e n c y  of t he  k lys t ron  is lower than t h a t  of t h e  crossed f i e l d  tube ,  it 
may be poss ib le  t o  enhance k lys t ron  e f f i c i ency  through the  use of c o l l e c t o r  
depress ion ,  t h a t  is by recovering energy from the  spent  e l ec t ron  beam a f t e r  
microwave ampl i f ica t ion .  
Any study of t h e  SPS k1,ystron a t  Varian s t a r t s  with t he  VKS-7773 
experimental 50 kW S-band tube t e s t e d  a t  74.4% base e f f i c i ency .  ' This tube 
was t h e  culmination of e f f i c i e n c y  s t u d i e s  covering k ly s t ron  e l e c t r o n  beam 
microperveances i n  t he  range o f  1.0 t o  0.5 micropervs. The lower value was 
used i n  t h i s  high e f f i c i e n c y  k lys t ron .  Design cons idera t ions  f o r  t h e  SPS 
k ly s t ron  use t he  VKS-7773 a s  a  design bench mark. Theore t ica l  s t u d i e s  
i n d i c a t e  l i k e l y  modif icat ions t h a t  should y i e ld  some increase  i n  k ly s t ron  
base e f f i c i ency .  Study of t h e  e f f o r t s  o f  a number of workers i n  t he  f i e l d  
of depressed c o l l e c t o r s ,  moreover, sugges ts  t h a t  t h e  recovery of energy 
still present  on t he  e l ec t ron  beam a f t e r  microwave ampl i f ica t ion  may lead  t o  
a  t o t a l  e f f i c i ency  of c lo se  t o  85%. 
This paper d i scusses  t he se  mat te rs  and o the r s  i n  some d e t a i l .  Subjec ts  
considered inc lude  e f f i c i ency ,  no ise ,  harmonics, cool ing,  and l i f e .  The 
mod-anode, t o  be employed f o r  beam c o n t r o l ,  and t he  depressed col lector , ,  
used i n  spent e l ec t ron  beam energy recovery,  a r e  descr ibed.  
3'HE VKS-7771 KLYSTRPK 
The VKS-7773 experimental k ly s t ron  cw ampl i f i e r  was t e s t e d  a t  50 kW 
power output  and 74.4% tube base e f f i c i ency  when operated a t  28 kV and 2.4 
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amperes beam curren t  i n  t he  1970 t e s t s  described by Er l ing  Lien of Varian. 1  
Figure 1 is a photograph of the  klystron.  The tube used a  0.5 microperv 
e l ec t ron  gun (bottom of p i c t u r e ) ,  seven resonant c a v i t i e s  (wi th in  the  14" 
length between magnetic polep ieces) ,  and a standard water-cooled c o l l e c t o r  
( t op  of p i c tu re ) .  The resonant cav i ty  s t r u c t u r e  employed two second 
harmonic c a v i t i e s .  These contr ibuted t o  the  e l ec t ron  beam bunching process 
and high e l ec t ron ic  e f f ic iency .  They a l s o  permitted use of a  r e l a t i v e l y  
shor t  resonant cavi ty  system. The k lys t ron  was tunable within the frequency 
range 2425-2475 MHz. A waveguide output and standard p i l lbox  r f  output 
window were employed. Separate water cooling systems were used on t h e  
k lys t ron  body, output cavi ty ,  and c o l l e c t o r  t o  permit ana lys i s  of power 
d i s s ipa t ion  throughout the  k lys t ron .  RF power output was determined through 
t h i s  power ana lys i s ,  combined with beam power, ca l i b ra t ed  coupler ,  and 
ca lor imet r ic  water load measurements. 
Figure 2 shows the  power output and base e f f i c i ency  observed with the  
WS-7773 CW klys t ron  a s  a  funct ion of beam voltage.  Over t he  beam voltage 
range from 20 t o  28 kV, power output varied from 21 t o  50 kW, Base 
e f f ic iency  was above 70% even a t  the  lower beam vol tage ,  reaching 74.4% a t  
28 kV. 
After  microwave ampl i f ica t ion ,  the  spent beam of t he  VKS-7773 still has 
about 14.3 kW of energy, o rd ina r i l y  d i s s ipa t ed  i n  t he  co l l ec to r .  I f  a  
depressed co l l ec to r  were used t o  recover a  port ion of t h i s  energy, t he  
overa l l  e f f i c i ency  could be increased.  Figure 3 shows the  t o t a l  k lys t ron  
e f f i c i ency  as a  funct ion of c o l l e c t o r  recovery e f f i c i ency  f o r  t h i s  case.  I f  
ha l f  of the  spent beam energy were recovered, ove ra l l  e f f i c i ency  would be 
85%. 
Table 1 shows p r inc ipa l  operat ing c h a r a c t e r i s t i c s  of t he  VKS-7773 
experimental CW klys t ron  ampl i f ie r  and those of a  new design aiming a t  
higher operat ing e f f i c i ency .  The VKS-7773 was designed t o  employ a 0.5 
microperveance e l ec t ron  beam. This choice stemmed from computer work on 
designs using 0.5 t o  1.0 microperv e l ec t ron  beams. Theory p red i c t s  high 
- 
e l ec t ron ic  conversion e f f i c i ency ,  t he  e f f i c i ency  with which r f  energy is  
coupled from the  e l ec t ron  beam i n t o  the  resonant output cavi ty ,  f o r  low 
e l ec t ron  beam microperveance. Use of 3 low e l ec t ron  beam microperveance 
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means employment of a  h i g h  v o l t a g e  and low c u r r e n t  beam, o r  a h i g h  impedance 
beam. For t h e  SPS k l y s t r o n ,  i n t e r e s t  h a s  c e n t e r e d  p r i m a r i l y  on 5 0  kW power 
ou tpu t  d e s i g n s  having e l e c t r o n  beam microperveances  i n  t h e  r ange  o f  0 .2  t o  
0.35 micropervs .  Considerable  s t u d y  h a s  a l s o  been a p p l i e d  a 70 kW power 
o u t p u t  k l y s t r o n ,  some though t s  t o  a  300 kW tube .  The example o f  t h e  t a b l e  
is a  52 kW power ou tpu t  k l y s t r o n  us ing  a  0 .3  microperveance e l e c t r o n  beam. 
E x t r a p o l a t i o n  of computer d a t a  l e a d i n g  t o  t h e  VKS-7773 k l y s t r o n  des ign  and 
s t u d y  of a  r e p o r t  on t h e  e v a l u a t i o n  o f  r f  o u t p u t  energy e x t r a c t i o n  by 
Kosmahl and * l b e r s 2  i n d i c a t e s  an e l e c t r o n i c  convers ion e f f i c i e n c y  between 
0.77 and 0.82 f o r  t h i s  case .  I f  one assumes a  v a l u e  o f  0.79 and a p p l i e s  a  
0.98 c i r c u i t  e f f i c i e n c y ,  t h e  e f f i c i e n c y  wi th  which r f  energy is coupled from 
t h e  ou tpu t  c a v i t y  t o  t h e  u s e f u l  l o a d ,  t h e n  t h e  t u b e  base o p e r a t i n g  
e f f i c i e n c y ,  product  of t h e  two, is 0.77. 
Tab le  1 
Klys t ron  CW Ampli f ier  Operat ing C h a r a c t e r i s t i c s  
Frequency, GHz 2.45 
Tuning, MHz - 92 5  
Beam Vol tage ,  kV 28 
Mod-Anode Vol tage,  kV -- 
Gun uperveance 0.5 
Beam pperveance 0.5 
Beam Cur ren t ,  A 2 - 4  
Power Output ,  kW 50 
Base E f f i c i e n c y ,  nb, % 7 4  
C o l l e c t o r  E f f i c i e n c y ,  nc,  % -- 
T o t a l  E f f i c i e n c y ,  n t ,  % -- 
S a t u r a t e d  Gain,  dB 5 0  
B r i l l o u i n  F i e l d ,  B, Gauss 465 
2.45 
Fixed 
3 5  
17 
0.85 
0 .3  
1.96 
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$With depressed c o l l e c t o r  assembly 
RF ou tpu t  c i r c u i t  e f f i c i e n c y  d e c l i n e s  w i t h  reduced e l e c t r o n  beam 
microperveance, and l o s s e s  i n c r e a s e  i n  t h e  r f  ou tpu t  c a v i t y .  The n e t  
e f f i c i e n c y  b e n e f i t  from t h e  employment of  a  low microperveance e l e c t r o n  beam 
is  l i m i t e d  by t h i s  f a c t ,  and an optimum condi t ion  e x i s t s ,  e v i d e n t l y  wi th in  
t h e  range o f  0.2 t o  0.35 e l e c t r o n  beam microperveance. For t h e  SPS 
k l y s t r o n ,  t h i s  r eg ion  has  been s t u d i e d  only from a  t h e o r e t i c a l  v iewpoint .  
The necessa ry  exper imental  v e r i f i c a t i o n  has y e t  t o  be under taken.  
The o p e r a t i n g  temperature  of  t h e  r f  ou tpu t  c a v i t y  of t h e  SPS k l y s t r o n  
is q u i t e  impor tan t ,  because a  high temperature  w i l l  cause  a  d e c l i n e  i n  
c i r c u i t  e f f i c i e n c y .  The e f f e c t  is q u i t e  pronounced i n  resonan t  s t r u c t u r e s  
of  moderate unloaded Q (Qo).  A s t r u c t u r e  having an unloaded Q o f  2500 a t  
20°C would exper ience  a  l o s s  of c i r c u i t  e f f i c i e n c y  of  about t h r e e  percentage 
p o i n t s  when heated t o  300'~. I f  t h e  20°C unloaded Q were 8500, t h e  l o s s  i n  
0 
c i r c u i t  e f f i c i e n c y  a t  300 C would be l e s s  than  one percentage p o i n t .  These 
r e l a t i o n s h i p s  a r e  shown i n  F i g u r e  4. Unloaded Q v a l u e s  of  7000 t o  8000 
should be p o s s i b l e  i n  t h e  SPS k l y s t r o n  r f  ou tpu t  c a v i t y  through design 
3 t echn iques  desc r ibed  i n  a  NASA r e p o r t  of  work by D r .  G .  M. Branch , i n  which 
Qqs  of about 6500 were obtained i n  C-band resonant  c a v i t i e s .  
DEPRESSED COLr .ECTOR 
Depressed c o l l e c t o r s  have been s t u d i e d  by v a r i o u s  workers over  t h e  p a s t  
twenty y e a r s  o r  Depressed c o l l e c t o r  recovery e f f i c i e n c i e s  a s  high 
a s  84% have been r e p o r t e d  i n  r e l a t i v e l y  low power and low t o  moderate base 
6  
e f f i c i e n c y  microwave l i n e a r  beam t u b e s  . A s  tube  base e f f i c i e n c y  i n c r e a s e s ,  
it becomes more and more d i f f i c u l t  t o  r e a l i z e  high c o l l e c t o r  recovery 
e f f i c i e n c y ,  because t h e  spen t  e l e c t r o n  beam o f  t h e  more e f f i c i e n t  t u b e  
c o n t a i n s  e l e c t r o n s  having a  wide spread of energy and of both a x i a l  and 
r a d i a l  v e l o c i t i e s .  A l a r g e  popu la t ion  o f  r e l a t i v e l y  low energy slow 
e l e c t r o n s  must e x i s t .  C o l l e c t o r  recovery e f f i c i e n c y  i n  such a  case  may be 
g r e a t l y  improved through use  o f  an e l e c t r o n  beam re focus ing  s e c t i o n  between 
t h e  r f  output  c a v i t y  and t h e  depressed c o l l e c t o r  en t rance .  A NASA r e p o r t  
d e s c r i b e s  t h e o r e t i c a l  work by Branch and ~ e u g e b a u e r ~  on e l e c t r o n  beam 
r e f o c u s i n g .  The r e f o c u s i n g  s e c t i o n  reduces  t h e  spread i n  e l e c t r o n  r a d i a l  
- 
v e l o c i t i e s  and p reprocesses  t h e  beam f o r  e n t r y  i n t o  t h e  depressed c o l l e c t o r  
r e g i o n  a t  s u i t a b l e  a n g l e s  wi th  r e s p e c t  t o  t h e  a x i s  s o  t h a t  more e f f e c t i v e  
e l e c t r o n  s o r t i n g  may be achieved.  
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Depressed c o l l e c t o r s  have taken various forms i n  the  past .  Probably 
t he  most successful  t o  da t e  is the  Kosmahl design596,  known a s  t h e  
"Depressed E l e c t r o s t a t i c  C ~ l l e c t o r ~ ~ .  Figure 5 is  an example of a  mult is tage 
depressed e l e c t r o s t a t i c  co l l ec to r .  The i l l u s t r a t i o n  is intended only f o r  
purposes of explanation. The rf output cav i ty  (not  shown) would be on a x i s  
a t  t he  bottom of t he  drawing, and the  spent e l ec t ron  beam would en t e r  the  
e l e c t r o n  beam refocusing sec t ion  here and proceed upwards. 
The main magnetic e l ec t ron  beam focusing f i e l d  co l lapses  suddenly along 
t h e  ax i s ,  and a l l  e l ec t rons  i n  t he  beam experience an increase i n  r a d i a l  
ve loc i ty  upon en ter ing  the  refocusing sec t ion .  A r e l a t i v e l y  small a u x i l i a r y  
magnetic focusing f i e l d  is used i n  t he  refocusing sec t ion  t o  form a magnetic 
"plateau". The e l ec t ron  beam expands, develops reduced and more near ly  
uniform r a d i a l  ve loc i ty ,  and en t e r s  the  main c o l l e c t o r  a t  angles  s u i t a b l e  
f o r  e lec t ron  so r t i ng  and co l l ec t i on .  
Upon enter ing  the  main c o l l e c t o r  the  e l ec t ron  beam comes within the  
inf luence of a d ispers ing  spike a t  cathode po ten t i a l .  The beam is  co l l ec t ed  
f o r  the  most pa r t  on the  backs of t h e  co l l ec t i ng  p l a t e s ,  t he  s ides  away from 
t h e  d i r ec t ion  of t he  en ter ing  beam. The p l a t e s  a r e  biased a t  s u i t a b l e  
vol tages ,  and the  c o l l e c t o r  cur ren t  from each is returned t o  t he  respec t ive  
power supply. 
None of the  d e t a i l s  of a  design fo r  an SPS k lys t ron  depressed 
e l e c t r o s t a t i c  c o l l e c t o r  have been worked out .  Such a design w i l l  r equ i r e  
computer ana ly t i ca l  work and experiment. Depressed c o l l e c t o r  t e s t  models 
must follow design work on the  basic  k lys t ron .  
The modulating anode (mod-anode) is widely used i n  high power k lys t ron  
e l ec t ron  gun design. This f ea tu re  o f f e r s  severa l  advantages f o r  t h e  SPS 
k lys t ron .  Figure 6 i l l u s t r a t e s  a  t yp i ca l  mod-anode arragnement, s impl i f ied  
f o r  purposes of explanation. I n  t h i s  case t h e  50 kW power output k lys t ron  
employs a 0.25 microperveance e l ec t ron  beam operat ing a t  36.5 kV and 1.67 
amperes. The mod-anode opera tes  a t  ha l f  t he  f u l l  beam voltage and con t ro l s  
t h e  l eve l  of beam curren t  i n j ec t ed  i n t o  t he  r f  c i r c u i t .  Post acce l e r a t i on  
- 
r a i s e s  the  e l ec t ron  beam t o  f u l l  vol tage.  The mod-anode is a noninter-  
cept ing  e lec t rode .  It con t ro l s  beam curren t  without in te rcept ing  beam 
cu r r en t .  Body cur ren t  i n  t h i s  example is  0.07 amperes. The mod-anode and 
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beam power suppl ies  furn ish  t h i s  cur ren t .  These power suppl ies  a r e  
well-regulated t o  insure  good phase s t a b i l i t y  on a sho r t  term bas is  from 
klys t ron  input  t o  output .  The c o l l e c t o r  power supply furn ishes  1.6 amperes 
of beam curren t .  This power supply need not be so well regulated.  
One of t he  advantages of mod-anode is t h a t  the  e lec t rode  divides t he  
t o t a l  beam voltage,  thereby reducing the  vol tage appearing between any two 
adjacent  e lec t rodes .  A second advantage r e s t s  i n  the  cont ro l  of beam 
cu r r en t ,  and therefore  of power output .  S t i l l  a t h i r d  advantage r e l a t e s  t o  
occasional arcing i n  t he  cathode t o  mod-anode region,  a p o s s i b i l i t y  i n  any 
new klys t ron .  Since t h e  mod-anode does not i n t e r cep t  e l ec t ron  beam c u r r e n t ,  
it may be i so l a t ed  from the  mod-anode and beam power suppl ies  by a 
r e l a t i v e l y  l a rge  impedance. A r e s i s t ance  is shown i n  the  i l l u s t r a t i o n ,  
though some combination of r e s i s t ance  and inductance may prove t o  be 
super ior  with t he  SPS k lys t ron .  Now, should an a r c  occur between cathode 
and mod-anode, the  capacitance C1 discharges through tne  a r c ,  and the f a u l t  
then quickly c l e a r s .  The e f f e c t  on k lys t ron  performance is a very b r i e f  
i n t e r rup t ion  of beam curren t  and power output and prompt resumption of 
normal operat ion i n  a very sho r t  time. Such occasional a rc ing  and b r i e f  
temporary i n t e r rup t ion  of normal k lys t ron  operat ion is observed with many 
new high power k lys t rons  equipped with mod-anode e lec t ron  guns. 
ELECTROMAGNET 
The use of a low microperveance e l ec t ron  beam means use of a high 
vol tage low cur ren t  beam, a circumstance t h a t  tends t o  reduce magnetic 
focusing f i e l d  requirements. A major impact on electromagnet s i z e ,  weight, 
and power may be e f fec ted  through reduct ion of t he  i n s ide  diameter t o  t h e  
minimum. Figure 7 i l l u s t r a t e s  ca l cu l a t i ons  made fo r  t he  minimum 
electromagnet I D  p resent ly  viewed a s  possible  f o r  the  new 52 kW SPS k lys t ron  
described in  Table 1. The optimum design is i n  t he  region of t he  knee of 
the curve. The c i r c l ed  poin t ,  f o r  example, represents  a 49 pound 
electromagnet requi r ing  750 wat t s  t o  provide an 875 Gauss magnetic f i e l d ,  
two and one-half times t h e o r e t i c a l  Br i l l ou in .  
The hypothet ical  design opera tes  a t  a maximum temperature of 3_00°c and 
includes allowance f o r  heat pipe cooling s t r u c t u r e s .  Weight of the  magnetic 
poles  and r e tu rn  path is kept r e l a t i v e l y  low through use of 2V-Permandur fo r  
t h i s  c i r c u i t .  This mater ia l  is an iron-vanadium-cobalt a l l oy  having a 
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20 90 I#) %O 100 
TOTAL ELECTRBMAGNET WEIGHT, WURIDS 
8P!5 KLYSTRON ELECT AGNET: ESTIMATED WEIGHT \(S 
magnetic working l e v e l  of  22,000 Gauss and a  Curie  p o i n t  o f  980'~.  The high 
magnetic working l e v e l  means t h a t  smal l  magnetic c r o s s - s e c t i o n s  a r e  
s a t i s f a c t o r y  i n  t h e  magnetic po lep ieces  and r e t u r n  path .  The high Curie  
p o i n t  i m p l i e s  e x c e l l e n t  magnetic s t a b i l i t y  at  lower o p e r a t i n g  t empera tu res .  
The 3 i n c h  minimum I D  o f  t h e  e lect romagnet  w i l l  r e q u i r e  t h a t  t h e  u n i t  
be assembled a s  an i n t e g r a l  p a r t  of  each k l y s t r o n ,  a t  l e a s t  i n  e a r l y  s e a l e d  
o f f  v e r s i o n s  of  t h e  tube .  There is a d i s t i n c t  p o s s i b i l i t y  t h a t  e l e c t r o -  
magnetic-derived beam focus ing  w i l l  be necessary only over t h e  rf ou tpu t  end 
of  t h e  k l y s t r o n ,  wi th  permanent magnet focus ing  (us ing  samarium-cobalt 
magnets) being employed with  t h e  f i r s t  few c a v i t i e s .  Elect romagnet ic  power 
and weight may be halved by t h i s  technique.  The p o s s i b i l i t y  should be 
explored dur ing  SPS k l y s t r o n  development. 
KLYSTRON NOISE 
Klys t ron  no i se  power ou tpu t  is viewed a s  stemming from s h o t  n o i s e  i n  
t h e  e l e c t r o n  beam. This  n o i s e  " s igna l"  appears  a t  t h e  i n p u t  r esonan t  c a v i t y  
i n t e r a c t i o n  gap,  l i k e  any r f  d r i v e  s i g n a l ,  modulates t h e  c a r r i e r ,  and is 
ampl i f i ed  by t h e  k l y s t r o n .  I n  t h e  SPS k l y s t r o n  t h e  c i r c u i t  bandwidth i s  
q u i t e  narrow, and n o i s e  ou tpu t  is confined t o  smal l  low l e v e l  s idebands  
c l o s e  t o  t h e  c a r r i e r .  
F igure  8  shows t h e  r e s u l t s  of  a computation of k l y s t r o n  n o i s e  power 
s p e c t r a l  d e n s i t y  f o r  a  50 kW power o u t p u t  50 dB g a i n  SPS k l y s t r o n .  The r f  
d r i v e  s i g n a l  is assumed t o  be monochromatic and f r e e  of  no i se .  The d a t a  
i n c l u d e s  both AM and FM n o i s e  c o n t r i b u t i o n s  expressed i n  dBW/Hz. 
Klys t ron  n o i s e  power ou tpu t  measurements a r e  t y p i c a l l y  made r e l a t i v e l y  
c l o s e  t o  t h e  c a r r i e r  through a  technique desc r ibed  i n  an IEEE MTT a r t i c l e  by 
Klaus H. ~ a n n . ~  An o u t s t a n d i n g  f e a t u r e  of t h e  technique is c a n c e l l a t i o n  of  
t h e  c a r r i e r  by means o f  microwave c i r c u i t r y ,  t h u s  p e r m i t t i n g  c l o s e  t o  
c a r r i e r  n o i s e  measurements. 
The SPS k l y s t r o n  per  s e  w i l l  l i k e l y  be ve ry  "qu ie t "  compared t o  t h e  rf 
d r i v e  s i g n a l  app l ied  t o  t h e  k l y s t r o n  i n p u t .  Computed k l y s t r o n  and a m p l i f i e d  
o s c i l l a t o r - d r i v e r  n o i s e  powers a r e  shown i n  F igure  9. A l o g a r i t h m i c  
a b s c i s s a  is used b e t t e r  t o  show c l o s e - t o - c a r r i e r  no i se .  The p o s s i b l e  n o i s e  
power s p e c t r a l  d e n s i t i e s  f o r  t h r e e  o s c i l l a t o r - d r i v e r s  a r e  i l l u s t r a t e d .  The 
d a t a  shows only an e q u i v a l e n t  FM n o i s e  d e v i a t i o n  f o r  each c a s e ,  AM n o i s e  
c o n t r i b u t i o n s  a r e  r e l a t i v e l y  much s m a l l e r .  
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Kr.YSTRON HARMONICS 
The second harmonic of t he  SPS k lys t ron  should be c lose  t o  30 dB o r  
more down from fundamental k lys t ron  power output .  Higher order  harmonics 
may be somewhat f u r t h e r  down, though l i t t l e  experimental v e r i f i c a t i o n  is a t  
hand. Harmonic measurements a r e  d i f f i c u l t  because of the  many poss ib le  
modes of propagation. The subjec t  has been studied by many workers over t h e  
yea r s  9,lO 
Klystron harmonic l e v e l s  may r equ i r e  ex terna l  a t tenuat ion  i n  t he  SPS 
i n s t a l l a t i o n .  Three prac t icable  types of high power f i l t e r s  may be 
considered; t h e  leaky wall waveguide, lossy  n tee l l ,  and r eac t ive  s tub  a r ray .  
An estimated a t tenuat ion  of these  f i l t e r s  t o  second through s i x t h  harmonics 
is shown i n  Table 2. The leaky wall waveguide and r eac t ive  s tub  a r ray  have 
l e s s  and l e s s  e f f e c t  a s  order  of harmonic i nc reases ,  because a t t enua t ion  
with these f i l t e r s  is a c t i v e  a t  o r  c lose  t o  the  waveguide wal l s .  The lossy  
" tee" ,  on t h e  o ther  hand, is more e f f e c t i v e  a s  order  of harmonic i nc reases ,  
though a t tenuat ion  of the  lower order  harmonics is  l e s s .  Since t he  leaky 
wal l  waveguide f i l t e r  is l a rge  and bulky, some combination of simpler l o s sy  
" t e e n  and r eac t ive  s tub  a r r ay  seems indica ted .  
Table 2 
Estimated Attenuation of Harmonic F i l t e r s  
3 f t  Lossy Reactive 
Harmonic - LOSSV "Tee" S tub  Arrav 
Table 3 o u t l i n e s  an est imate of k lys t ron  cooling requirements f o r  t he  
- 
52 kW power output  k lys t ron  of Table 1. To sum up; approximately 3.5 kW of 
waste power from the  k lys t ron  body must be d i s s ipa t ed  a t  a maximum tube 
element temperature of 300 '~  or  thereabouts;  approximately 7 kW of waste 
power from the  c o l l e c t o r  p l a t e s  may be d iss ipa ted  a t  a  maximum tube element 
temperature of  600 '~  or  higher .  
Table 3 
Estimate of  Klystron Cooling Requirements 
(Po = 52 kW, KO = 0.3 PP) 
k lvs t ron  Element Power. Watts Maximum Tem~era tu re  
Heater 
Electromagnet 
RF Driver Cavi t ies  
RF Output Cavity 
Subto ta l  
Col lec tor  P l a t e s  
Tota l  '10433 
The c o l l e c t o r  p l a t e s  i n  t h i s  case a r e  designed t o  handle only t h e  waste 
power remaining in  the  spent e l ec t ron  beam a f t e r  microwave ampl i f ica t ion .  
With l o s s  of r f  d r ive  power, t h e  e l ec t ron  beam must be turned o f f  a t  once. 
 h he mod-anode may be used a s  a  cont ro l  e l ec t rode  f o r  t he  purpose. 
Since r a d i a t i v e  cooling must be used f o r  d i s s ipa t ion ,  heat  must be 
conducted from tube elements t o  s u i t a b l e  r ad i a to r s .  A t  t he  present  t ime,  
the  most l i k e l y  method f o r  achieving t h i s  appears t o  be through use of heat  
pipe systems. 
IluiLum 
The desired l i f e  of t he  microwave tube device t o  be used i n  the  SPS 
system is 30 years  or  more. L i fe  h i s t o r i e s  of  most microwave tubes f a l l  f a r  
shor t  of t h i s  f i gu re .  One high power k lys t ron ,  t he  Varian VA-842, has shown 
po ten t i a l  f o r  a  comparable operat ing l i f e .  The VA-842 is a 75 kW average 
power output and 1.25 MW peak power output pulsed UHF klys t ron .  The 
o p e r a t i n g  pu l se  width  is  2.0 m i l l i s e c o n d s .  The e l e c t r o n  gun des ign  i n c l u d e s  
a mod-anode. Cathode emiss ion d e n s i t y  and o p e r a t i n g  temperature  a r e  
moderate.  
Table 4 shows d a t a  e x t r a c t e d  from t h e  USAF "Elec t ron  Inven tory  Reportw 
o f  30 June 1979. Four YA-842 k l y s t r o n s ,  a l l  s t i l l  running,  have accumulated 
o p e r a t i o n a l  l i f e  f i g u r e s  o f  from about  14.1 t o  16.5 y e a r s .  Three o t h e r  
long- l ived tubes  a r e  l i s t e d  as f a i l i n g  a f t e r  approximately  11.1 t o  13.8 
y e a r s .  
Table 4 
VA-842 Klys t ron  L i f e  Data 
Long-Lived VA-842 Klys t rons  
3.a a IJ_aurs Years 
408 S t i l l  Running 144,883 16.5 
393 S t i l l  Running 139,993 16.0 
374 S t i l l  Running 133,469 15.2 
51 1 S t i l l  Running 123,384 14.1 
3 17 F a i l e d  12/75 121,303 13.8 
332 F a i l e d  8/76 108,777 12.4 
505 F a i l e d  12/74 102,259 11.7 
Ca lcu la ted  MTBF (68 t u b e s )  = 37,748 hours  
Data from USAF "Elec t ron  Inven tory  Reportv ,  30 June 1979 
The c a l c u l a t e d  mean t ime before  f a i l u r e  (MTBF) f o r  68 VA-842 k l y s t r o n  
f a i l u r e s  i n  use  dur ing  t h e  per iod 1964 t o  1979 is 37,748 hours .  
One key t o  long k l y s t r o n  l i f e  appears  t o  be low cathode emiss ion 
d e n s i t y  and moderate o p e r a t i n g  t empera tu re .  Use o f  a heated cathode is n o t  
a d e t e r r e n t  t o  long l i f e .  Heater problems wi th  VA-842 k l y s t r o n s  have been 
i n s i g n i f i c a n t .  
S t a r t i n g  with the  Varian VA-7773 k lys t ron ,  s tate-of- the-ar t  
computations i nd i ca t e  t h a t  the  bas ic  e f f i c i ency  may be improved by a  few 
percentage poin ts  from 74% t o  poss ib ly  a s  high a s  79% by lowering the  
e l ec t ron  beam microperveance t o  a  value i n  t he  range of  0.2 t o  0.35 
micropervs, where t he  optimum product of e l ec t ron ic  times c i r c u i t  e f f i c i ency  
may be obtained. While improvement over known VKS-7773 performance would be 
modest, t he  r e l a t i v e  importance of each percentage point i n  operat ing 
e f f i c i ency  may j u s t i f l  t he  e f f o r t .  
With a  minimum acceptable microwave device e f f i c i ency  of 85%, the  
addi t iona l  e f f i c i ency  poin ts  may possibly be r ea l i zed  through c o l l e c t o r  
depression and recovery of energy from the  spent e l ec t ron  beam. The 
achievement of 85% t o t a l  e f f i c i ency  w i l l  be a  formidable t a sk ,  ye t  t he  
e f f o r t s  of severa l  workers 9 5 9 6  p 7  suggest t h a t  s u f f i c i e n t  energy may 
be recovered by t h i s  means. I f  t h e  many advantages of t he  k lys t ron  a r e  t o  
be appl ied ,  t h e  importance of each point  i n  e f f i c i ency  would seem t o  r equ i r e  
t he  i nves t iga t ion  of c o l l e c t o r  depression.  
Table 5  summarizes t h e  advantages of the  high e f f i c i ency  k lys t ron  cw 
ampl i f ie r  f o r  space appl ica t ions .  
Table 5  
Advantages of High Eff ic iency  Klystron CW Amplifier 
f o r  Space Applicat ions 
1. High Gain Amplifier,  40 t o  50 dB 
2. High Power Output, 50 kW o r  more 
3. High Eff ic iency ,  -85% with c o l l e c t o r  depression 
4. Low Noise Output Narrow bandwidth klystron 
5. Low Harmonic Output Typical ly -30 dB o r  more from c a r r i e r  
6. Long Li fe  Po ten t i a l  -16.5 years  on record with one k lys t ron  
type 
7. Ease of Control and Pro tec t ion  with Mod-Anode 
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